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Abstract

The static aeroelastic behavior of the Nighthawk mini unmanned aerial vehicle
is examined using a combined experimental and computational approach. Three
wings are examined. In order of increasing stiffness they are: a flexible wing, a
stiff wing, and a fictitious rigid wing with zero deflection. Photogrammetry is used
during wind tunnel testing to measure the average deflected shape of the flexible
and stiff wings during flight. The independent variables during wind tunnel tests are
angle of attack (ranging from —5.1° through 13.4°) and velocity, which is 20 mph,
30 mph, and 40 mph. Roll angle and yaw angle are control variables, held constant
at 0°. The measured deflection of each wing is used to adjust the wing shape for
computational fluid dynamics analysis. Solutions are obtained for the flexible, stiff,
and undeflected (or rigid) wings using a steady-state viscous flow solver with a Spalart-
Allmaras turbulence model. The flexible and stiff wings experience two forms of
deformation during flight. They bend upward along the span increasing the dihedral,
and the leading edge twists downward (wing washout). The amplitude of deflection
is greatest for the flexible wing. As a result, the flexible wing is more stable, but also
exhibits worse static aerodynamic performance. The rigid wing has the greatest lift
(CL maz = 1.29) and the highest lift-to-drag ratio (£ = 10.2). Stall occurs first
near the root for all three wings. None of the wings stall at the tip in the range of
angles of attack tested. A separation bubble forms under the wing at angles of attack
less than 8°. This separation decreases the overall lift. It is most prominent on the

flexible wing.
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A STATIC AEROELASTIC ANALYSIS
OF A FLEXIBLE WING

MINI UNMANNED AERIAL VEHICLE

I. Introduction
1.1 Background

nmanned Aerial Vehicles (UAV) are aircraft with a host of potential military
Uand civilian applications. The size of currently fielded UAVs is widely varied
with wingspans ranging from 7 inches to 130 ft [7]. Mini-UAVs currently in the field
have wingspans ranging from 21 inches to 10 ft. The predominant mission for these
mini-UAVs is surveillance and reconnaissance. They carry a variety of payloads in-
cluding infrared cameras, television cameras and jamming electronics. Potential mil-
itary applications for mini-UAVs include local reconnaissance, target identification,
post-strike battle damage assessment, electronic warfare (including radar jamming),
and combat search and rescue [18]. Potential civilian applications include monitoring
traffic, inspection of oil pipelines or power-lines, border surveillance, killing harm-
ful insects, surveying wildlife, real estate photography, monitoring concentrations in

chemical spills, and more [18].

The Nighthawk mini-UAV was designed for aerial surveillance. It has a remov-
able wing (26 inch span) that can be stored in-line with the aircraft. The Nighthawk
has a Global Positioning System (GPS) receiver just behind the nose and a removable

hull for easy access to the payload (cameras).

Two improvements are being implemented to the original Nighthawk design.
First, the flexible wing is being replaced with a stiffer wing that has less deflection
during flight. Second, control algorithms are being developed to enable deployment

of co-operative swarms of semi-autonomous Nighthawk mini-UAVs.



The Nighthawk is similar to another UAV called the Battlefield Air Target-
ing Camera (BATCAM). The BATCAM is a mini-UAV used by Air Force Special
Operations Command (AFSOC) personnel to increase situational awareness in the
battlefield [7]. A significant feature of the BATCAM is its portability. It has a
flexible reflex wing (24 inch span) that can be rolled under the belly enabling easy
transportation in a tube. Since the Nighthawk and the BATCAM are similar, the
studies of the BATCAM performed by DeLuca [11] and Gamble [17] are valuable

references for the current study of the Nighthawk. Figure 1.1 contains photos of the
BATCAM and the Nighthawk.

(a) Original BATCAM (b) Nighthawk, top view. (c¢) Nighthawk, side view.
with reflex wing [10].

Figure 1.1:  Evolution of the Nighthawk mini-UAV.

1.2 Motivation

Since the Nighthawk will be operated in swarms, the control algorithm is of
utmost importance to mission accomplishment. The control algorithm is based on
linearized performance characteristics of the aircraft. These performance character-
istics are not explicitly known and have changed with each development cycle of the
aircraft. A better understanding of the performance characteristics of the Nighthawk

is desired in order to improve the fidelity of the control model.



This thesis illuminates the effect of a flexible wing on the pitch performance of
the aircraft. The Nighthawk mini-UAV is studied with both the second generation
wing (referred to as flexible wing), the stiffer current wing (referred to as stiff wing),
and a fictitious wing with no deflection (referred to as rigid wing). The lift, drag,
and pressure distributions have been obtained for each wing using a combined experi-
mental and Computational Fluid Dynamics (CFD) approach. Static wing deflections
have been measured during wind tunnel tests with Angle of Attack (AoA) ranging
from —4° to 14° in 2° increments and wind speeds of 20, 30, and 40 mph. These
deflections have been used to calculate the forces and pressure distributions on the

Nighthawk during the respective flight conditions.

1.3 Measuring Pitch Performance

There are three primary methods for studying aircraft performance. They are
experimental measurements (usually performed in a wind tunnel), computational
analysis, and flight testing. Experimental and computational methods are discussed

here.

1.8.1 FExperimental Approaches. Wind tunnel measurements often include
force and moment data such as lift, drag, pitching moment, and roll moment. This
data is obtained using a highly sensitive balance, which holds the wind tunnel model
in place. The model transfers forces to the balance, which causes the balance to bend
slightly. The deformation in the balance is measured using extremely sensitive strain
gauges. This deformation is then used to resolve the axial and normal forces on the
balance. A transformation matrix is used to transform the forces on the balance into

aerodynamic forces and moments on the model [3].

There are many other methods used to examine aerodynamic effects on a body.
Pressure transducers can be mounted on the body or pressure sensitive paint can be
applied to examine surface pressure. Smoke seeding can be used to examine stream-

lines. Hot wire anemometers or laser velocimetery can be used to measure the speed



of the flow. Oilflow and tufts can be used to examine the flow on the surface of the

body [3].

A great deal of information can be obtained using these experimental methods.
When properly applied, these methods provide undisputed measurements of physical
occurrences. However, each of these methods requires extensive setup and, in some
cases, clean up after the tests. As a result, time constraints and budget limitations
limit the number of achievable experiments. In addition, some methods, like oilflow,
pressure sensitive paint, and wing tufts, may alter the nature of the flow around the
body, degrading the accuracy of the results. Most large aerodynamic problems are
studied using a combination of computational and experimental methods, leveraging

the advantages of both.

1.8.2  Computational Aeroelastic Approaches. The field of aeroelasticity is
concerned with the effect of aerodynamic forces on elastic bodies. Dynamic aeroelas-
ticity involves aerodynamic forces, elastic forces, and inertial forces. Static aeroelas-
ticity involves steady state forces. Hence, the inertial forces are neglected in static
aeroelastic analysis and only the aerodynamic and elastic forces are considered [15].
A static aeroelastic analysis does not require knowledge of the mass properties of the

elastic body.

There are three approaches to solving aeroelastic problems [20]: fully coupled,
closely coupled, and loosely coupled. The fully coupled approach involves combining
and simultaneously solving the fluid, structure, and moving grid problems as one
large system. The closely coupled approach solves the fluid and structure problems
separately, but passes loads and deflections between the two. The loosely coupled
approach is similar to the closely coupled approach, but delays passing loads and

deflections until the fluid solution has reached steady state.

A significant advantage of using a computational approach is the extent of flow
data obtained. Flow features such as separation bubbles and vortices can be analyzed

extensively using iso-surfaces, images of streamlines, and vector plots. The effects of



these features can be understood using pressure contour plots. Force and moment
data can be obtained for individual parts of the aircraft like the wing or the tail or

for the entire aircraft. These solutions are relatively inexpensive to obtain.

As impressive as they are, CFD solutions are still an approximation of physical
phenomena. These solutions can provide great insight into flow features, but they
must be approached with a healthy degree of skepticism. The solvers and models that
are used need to be tested and validated. Appropriate input parameters are required
for accurate results. Solutions should be scrutinized for non-physical occurrences to
ensure the solver was applied appropriately. When possible, CFD solutions should be

compared with experimental results.

1.4 Selected Approach

The method of study pursued here combines experimental measurement and
CFD. Rather than using a Finite Element Model (FEM) to solve for the deflection
in the wing, the deflection of the wing was measured directly using photogrammetry
during wind tunnel tests. Obtaining measurements of wing deflection is the first step
in analyzing the aeroelastic behavior of the wing. The data collected could also be

used in a follow-on study to tune a FEM.

Once the true wing shapes were determined, CFD calculations were performed
using the actual wing shapes. These calculations yielded pressure distributions that
were used to determine stability coefficients, the drag polar, and the lifting line of the

wing.

A significant advantage of the combined experimental and computational ap-
proach is the abundance of flow data obtained through CFD. It is relatively simple
to analyze the flow during post processing of CFD verses experimental flow analysis

methods like pressure sensitive paint and smoke seeding.



1.5 Document Organization

Chapter 2 discusses aerodynamic issues related to flexible wing mini-UAVs.
Chapter 3 describes the process of measuring wing deflection using photogrammetry.
Chapter 4 details the process used to build and transform the CFD grids and obtain

CFD solutions. Results and analysis are presented in Chapter 5 and conclusions are

given in Chapter 6.



II. Background and Theory

his chapter addresses the significant aerodynamic issues related to the study of
Tthe Nighthawk mini-UAV. In particular, flexible wings, thin airfoils and flight at
low Reynolds number are discussed. Previous research in these areas is also mentioned.
A basic understanding of these concepts is required to appreciate the analysis of results

presented in Chapter V.

2.1 Nighthawk Description

The Nighthawk mini-UAV has been developed by Applied Research Associates,
Inc. (ARA) under the direction of the Air Force Research Laboratory (AFRL) for use
as an aerial battlefield camera system. It is 20 inches long with a 26 inch wingspan.
The center of gravity is located 6.45 inches back from the nose and 2.18 inches up
from the base. It carries a forward facing camera, a side facing camera, and a side
facing thermal imager. It weighs 1.5 pounds and flies at wind speeds of 18-40 knots
(2046 mph). It exploits GPS and autopilot technology for navigation. It has a loiter
time of 70-90 minutes and a range of 2-10 km [1]. Figure 2.1 illustrates the geometric

properties of the Nighthawk.

The Nighthawk’s body is composed of a carbon-fiber composite. The leading
edge of the wing and the wing ribs are also made of carbon-fiber, while the gaps
between the ribs are spanned by nylon cloth. The root chord is 6 inches and the wing
has an elliptic planform. The root camber of the undeflected wing is approximately
7.8%. The incidence angle is approximately 4.8° and the dihedral of the undeflected
wing is approximately 4.9°. The planform area of the wing is 0.0457 m? and the

Aspect Ratio (AR) is 9.55. Typical Reynolds numbers range from 90,000 to 180,000.

2.2 Previous Research

Several previous studies have focused on flexible wing micro UAVs. These stud-
ies provide valuable insight into the behavior of flexible wings and the challenges of

low Reynolds number flight. Some results of these studies are presented here.
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Figure 2.1:  Geometric properties of the Nighthawk.



DeLuca performed wind tunnel tests on the original BATCAM with a flexible
reflex wing made of carbon-fiber and nylon webbing. He compared the performance of
the flexible wing with a similar-shaped rigid carbon-fiber wing [10, 11]. This investi-
gation revealed several advantages of the flexible wing over its rigid wing counterpart.
These advantages include increased stability in roll, pitch, and yaw, improved effi-
ciency in the form of a higher lift to drag ratio, and improved portability. DeLuca

also found that washout in the flexible wing can delay the onset of stall.

Stults performed a closely-coupled aeroelastic analysis of the same UAV [34].
He experimentally determined the mode shapes of the flexible wing. These mode
shapes were used to update the grid shape during CFD calculations. Stults found
that adaptive washout did not improve the gust response of the BATCAM. However,

the flexible wing provided greater stall resistance.

Shyy et al. and Ifju et al. have performed several studies on flexible low
Reynolds number airfoils [19,28-30]. They studied wings with low aspect ratios at
Reynolds numbers between 50,000 and 100,000. These studies were focused specifi-
cally on improving wing performance for micro air vehicles. They found that wing
performance degrades at low Reynolds numbers. They also found that flexible airfoils
provide greater stall resistance and improved gust response due to adaptive washout
of the wing. The flexible wings had latex membranes. As suggested by Stults, the
latex membrane used by Shyy et al. may be the reason that they saw improved gust

response while Stults did not [34].

Albertani et al. measured wing deflections for a flexible wing micro air vehicle
using visual image correlation [2]. Visual image correlation involves speckle-painting
an object with a random pattern and capturing images of the object in a deflected and
undeflected state. Deflections are measured by comparing image correlations. They
found significant billowing, bending, and washout in the flexible wing. Measured wing

displacements can be extremely valuable in computational analysis. For this reason,



experiments that include photographic measurement of wing deflection are becoming

more cominoI.

Stanford et al. combined wind tunnel tests with CFD to investigate the de-
flection of a membrane wing [33]. They performed wind tunnel tests to determine
the loads and out-of-plane deflections on a flexible wing micro air vehicle. The de-
flections were also measured using visual image correlation. They computed pressure
fields over an undeformed wing. They then computed the first iteration of the fluid
structure interaction to calculate the deflection of the wing. The calculated deflection
correlated well with the deflection measured from visual image correlation. This work

is a fine example of combining experimental and computational approaches.

Simpson et al. demonstrated the use of photogrammetry during wind tunnel
testing to measure wing deflection [31]. The wing they investigated was a warping
inflatable wing used for a small UAV. Photogrammetry is the process of measuring
the geometric properties of an object using photographs. Given the camera locations,
orientations, and a reference length between two points in the photos, the three-
dimensional (3-D) locations of points that are common among the photos can be

triangulated.

2.3 Flexible Wing Mini-UAVs

Flexible wings offer several advantages over rigid wings. Smoother flight and
greater stall resistance at high AoAs are both products of adaptive washout [19].
Adaptive washout occurs when a flexible wing deforms due to the aerodynamic loads
experienced during flight. At high AoAs or increased airspeed, the wing will decamber
and twist forward reducing the apparent AoA at the wing tip. This provides increased

stall resistance and improved gust response.

To illustrate how adaptive washout improves gust response, imagine that a mini-
UAV encounters an upward gust during steady flight. The gust briefly increases the

effective AoA and the dynamic pressure. As a result, the wing twists forward and

10



Airfoil Sections at 6 degrees AoA, 40 mph,z=0.30m
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Figure 2.2:  Airfoil Sections at 6° AoA, 40 mph, 0.30 m span-wise location illustrate
the decambering and forward twist experienced during wingtip washout.

decambers slightly (adaptive washout). The adaptive washout results in slightly less
lift, compensating for the increase in lift from the upward gust. The same argument

could be made if the aircraft experienced a head-on gust [19].

2.3.1 Roll Stability. ~ Another advantage of a flexible wing is increased roll
stability. Dihedral is the span-wise angle of the wing with respect to horizontal.
Positive dihedral provides roll stability. As an aircraft experiences a roll disturbance,
it enters a sideslip. If the aircraft has dihedral, this sideslip causes an increase in
effective AoA for the lowered wing. The result is greater lift on the lowered wing
tending to roll the aircraft back towards wings level [23,27]. The wing tips of a
flexible wing aircraft will deflect upwards during flight due to the lift on the wings.

This wing deflection increases dihedral and results in greater roll stability.

Another contributor to roll stability is high wing location on the fuselage. As the
aircraft enters a sideslip, the air flow is deflected up and over the fuselage increasing
the effective AoA on the lowered wing and decreasing the effective AoA on the raised

wing. A restoring moment is created, tending to roll the aircraft back towards wings
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Figure 2.3:  Roll Stability [23].

level. Figure 2.3 provides a visual representation of how dihedral and high wing

mounting contribute to roll stability.

The undeflected wing of the Nighthawk has approximately 4.9° dihedral. It
is also mounted on the top of the aircraft. The wing is flexible and experiences up
to 2 inches of deflection at the wing tips during flight, which increases the dihedral
beyond the nominal 4.9°. All of these factors contribute to favorable roll stability in

the Nighthawk.

2.4 Low Reynolds Number Flow over a Thin Wing

Mini-UAVs operate in a low Reynolds number environment (typically less than
200,000). There are several challenges associated with low Reynolds number flight,
including laminar flow separation and hysteresis of lift and drag with AoA due to
the laminar separation bubble [28,29]. In addition, there are large fluctuations of
AoA and Reynolds number during flight because typical wind gusts are significant
compared with flight speeds of 20 to 40 mph.

Low Reynolds number flow over thin airfoils is characterized by laminar flow
around the leading edge. Just downstream of the leading edge the flow experiences an
adverse pressure gradient. If the laminar flow does not have enough energy to remain
attached, it separates. The separated flow forms a free shear layer. Instabilities

in the free shear layer are magnified by the adverse pressure gradient and the flow
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quickly transitions to turbulent. The turbulent flow transports higher energy fluid
down towards the surface of the airfoil. The higher energy flow near the surface may

cause the flow to reattach with a turbulent boundary layer. Thus a laminar separation

bubble is formed [9, 12,22, 28].

There are several possible outcomes after laminar flow encounters the leading
edge of a thin airfoil. A laminar separation bubble could form as described above.
This bubble could either be a short separation bubble where the flow reattaches
shortly after separating (see Figure 2.4 (a)), or a long separation bubble where the
flow reattaches closer to the trailing edge of the airfoil (see Figure 2.4 (b)). A short
laminar separation bubble usually occurs at a higher Reynolds number than a long
separation bubble, but not so high as to induce turbulence before laminar separation.
A long separation bubble could be as long as 30% of the chord. After the flow
reattaches, it could either remain attached with a turbulent boundary layer, or it
could separate before reaching the trailing edge (see Figure 2.4 (c¢)). At high AoAs
the turbulent shear layer is unable to reattach to the surface and the result is leading
edge stall (see Figure 2.4 (d)). If the boundary layer transitions to a turbulent state
before laminar separation occurs, it is more likely to remain attached through the
adverse pressure gradient. As the AoA is increased, the turbulent boundary layer
may separate near the trailing edge of the airfoil. The separation point will move
upstream as the AoA is increased further. This phenomenon is referred to as rear

stall.

2.4.1 The Effects of Laminar Separation.  Just as there are several possible
outcomes for low Reynolds number flow (i.e. short laminar separation bubble, long
laminar separation bubble, leading edge stall, or rear stall), each possibility affects
the airfoil performance in a different way. The most devastating outcome in terms of
airfoil performance is stall. If the airfoil stalls, the lift is greatly reduced and the drag
is greatly increased. The events leading up to stall are also important, however. At

low Reynolds numbers, a long laminar separation bubble forms and the lift curve is
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Figure 2.4:  Low Reynolds Number Flow [9,22].

bent downward. This is referred to as thin airfoil stall and is depicted in Figure 2.5,
where C}, is the non-dimensional lift coefficient (defined in Section 2.5) and « is the
AoA. The Cp s is lowest in this form of stall. If the Reynolds numbers are slightly
higher and a short laminar separation bubble forms, the lift curve is not affected until
higher AoAs are reached. However, once a critical AoA is reached, an abrupt decrease
in lift is experienced. This is referred to as leading edge stall in Figure 2.5. If the
boundary layer becomes turbulent before a laminar separation bubble can form, the
airfoil will experience rear stall (see Figure 2.5) [9]. Of all the stall mechanisms, rear
stall is the most favorable because it generally results in the greatest Cp 4. and is
less prone to hysteresis in the lift curve. Carmichael emphasized the importance of
the laminar separation bubble for flow with Reynolds numbers ranging from 70,000

to 200,000 by stating [8]:

“The laminar separation bubble is still a significant potential performance
robber in this region of flight.”
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Figure 2.5:  Effects of stall mechanism on the lift curve [9].

Figure 2.6 (a) portrays the effects of hysteresis in the lift and drag curves due to
a short laminar separation bubble and leading edge stall [22]. The lift curve maintains
its typical shape until a critical AoA is reached at which point a sudden drop in lift is
experienced. Decreasing the AoA slightly will not restore the lift. To restore the lift,
the AoA must be decreased significantly and then increased to some value below the
critical AoA. Drag is also affected negatively once the critical AoA is reached. Figure
2.6 (b) shows a hysteresis loop for a long laminar separation bubble. In this case the
lift and drag are poor as AoA is increased to the critical AoA. However, once the
critical AoA is reached, the lift and drag performance improve as AoA is decreased.
In Figure 2.6, Cy, is the lift coefficient, Cp is the drag coefficient (defined in Section
2.5), and « is the AoA.

A technique that has been successfully applied to avoid laminar separation bub-
bles is the use boundary layer trips, which cause a disturbance in the flow and cause

the boundary layer to become turbulent earlier than it would otherwise. Turbulent
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(a) Short laminar separation bubble. (b) Long laminar separation bubble.

Figure 2.6:  Lift and Drag Hysteresis [8,22].
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boundary layers pull high energy flow from the freestream closer to the wall. This
allows the flow to stay attached through the adverse pressure gradient. Wire, tape, or
even increasing surface roughness with sand paper are ways to trip the boundary layer
to turbulent. Turbulent boundary layers grow much faster than laminar boundary
layers and the skin friction drag for a turbulent boundary layer is higher than for a
laminar boundary layer. However, the turbulent viscous drag is a small price to pay

to avoid laminar separation.

2.5 Wing Efficiency

Non-dimensional parameters are often used to facilitate comparisons of lifting
bodies over various flight regimes. The most common non-dimensional parameters
are the lift and drag coefficients. The lift coefficient, C,, is defined by,

L
CL =

__ s 2.1
1P S (21)

where, L is the lift force, p. is the freestream density, v, is the freestream velocity,
and S is the reference area (usually the wing planform area). Similarly the drag
coefficient, C'p, is given by,

Cp = b (2.2)

3028
where, D is the drag force. The ratio of the two gives the lift-to-drag ratio, which is

a measure of the performance of the wing.

2.5.1 Luift. Thin airfoil theory can be used to predict the performance of
a wing in terms of lift and drag. The basic assumptions used in thin airfoil theory

include:

e The flow around the airfoil is inviscid.
e The angle of attack is small.

e The influence of airfoil thickness on pressure forces is small.

17



Using these assumptions, it can be shown that the theoretical value of the lift coeffi-
cient is given by [5]:
CL =2na (2.3)

where (7, is the lift coefficient and « is the AoA in radians. For a cambered airfoil,

the lift curve is shifted up so that the lift at 0° AoA is positive.
A wing of finite AR will have a lift curve with a lower slope than the theoretical
lift curve. The correction for AR is given by [5]:

Cloz

= 57.30] o
L+ 7re(AlR)

CLa (2.4)

where C, , is the lift curve slope corrected for AR (in dLeg)’ C} « is the theoretical lift
curve slope of a 2-D airfoil (C; , = 0.10966 i%g,)’ and e is Oswald’s wing efficiency
factor. The wing efficiency factor typically ranges from 0.6 to 0.95. An elliptical wing

usually has a high wing efficiency factor.

2.5.2 Drag. There are three main sources of drag—parasite drag, Cpo (drag
at zero lift), induced drag, Cp;nq (drag due to lift), and wave drag, Cpys (drag due to

compressibility effects). The parasite drag includes skin friction and form drag. The

induced drag is given as a function of lift, C'p;ng = %ER) so that [5],
ci
CD = CDO + — + CYDM (25)

me(AR)

At low Mach numbers the wave drag is negligible. In the low Reynolds number, low

Mach number flight regime, induced drag is the most significant source of drag.

2.5.8 Lift-to-Drag Ratio.  As mentioned previously, wing efficiency is often
measured in terms of the lift-to-drag ratio, %. For a propeller aircraft, the most

efficient cruise (best range) is at (£ )mq, while the best loiter is at 0.866(%)mas [27].
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In the case of the Nighthawk, optimization for best loiter is most beneficial since that

will allow the most time on target.

In light of the information presented in this chapter, the following parameters
are important to consider when comparing the performance of the flexible, stiff, and
rigid wings: lift-to-drag ratio, stall angle, and maximum lift coefficient. The roll

stability and gust response are also important factors to consider.

19



IT1I. Experimental Methods—Determining Static Wing
Deflection

he focus of the experimental effort was to measure the static wing deflection
Tfor various AoAs and wind speeds. The deflection was obtained for the flexible
wing and the stiff wing. Since the focus of the experimental effort was to obtain
wing deflections, force data was not obtained during wind tunnel testing. The AoAs
of interest ranged from -4° to 14° in increments of 2° and the velocities of interest
were 20, 30, and 40 mph. The AoA was measured relative to the body axis of the
Nighthawk (parallel to the base and through the nose). Tables A.1 and A.2 list the
recorded AoAs and wind speeds for test cases for the flexible wing and stiff wing,

respectively.

Photogrammetry is the process of measuring the geometric properties of an ob-
ject based on images of the object [21]. Modern photogrammetry is used to obtain 3-D
measurements of objects using photos from various angles. If sequences of photos are
captured simultaneously, the 3-D motion of an object can be obtained. Photogram-
metry is an ideal tool for measuring wing deflections because it does not disturb
the flow over the wing and 3-D deflections over the entire wing can be measured si-
multaneously. The deflection obtained via photogrammetry was used to adjust the
shape of the aerodynamic grid for CFD solutions, a process which will be discussed in
Chapter IV. The following references give some excellent information on photogram-

metry: [6,14, 21,24, 36)].

3.1 Nighthawk Preparation

A production model Nighthawk was provided by Applied Research Associates
(ARA) for wind tunnel testing. The model had no internal components other than
the motor for the propeller, which the nose spinner was mounted on. Both the flexible
and the stiff wings were also provided by ARA. Three significant changes were made
to the Nighthawk before testing began. The Nighthawk was fitted with an internal

mounting block, the upper wing surface was marked with high contrast targets for
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(a) Adding the sting. (b) Sliding on the pod cover.

(c) With the wing secured. (d) Mounted in the wind tunnel.

Figure 3.1:  Mounting the Nighthawk in the wind tunnel.

photogrammetry, and the propeller blades were removed to compare more closely with

the CFD model. The ruddervators were free throughout all tests.

The Nighthawk was fitted with an internal mounting block that was built using
stereolithography. The mounting block was made to fit inside the removable camera
pod. It was secured to the Nighthawk with 4 machine screws and a sting was attached
to the mounting block with 3 machine screws. A hole was drilled in the pod cover
to accommodate the sting. Figure 3.1 illustrates the process of fitting the Nighthawk

with a mounting block and sting.
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The upper wing surface was marked with high contrast targets (see Figure 3.2).
These targets acted as reference points for measuring the deflection of the wing. Two
types of targets were used on the upper wing surface—mon-coded targets (circular
dots) and coded targets (circular dots surrounded by banded sections). The non-
coded targets were bright yellow circular stickers with diameters of i inch. This
size was selected to ensure the diameters were at least 8-10 pixels in photographs,
which is ideal for target recognition during image processing. The coded targets are
recognized by PhotoModeler® and are used to automatically orient the photos during

post processing.

Coded targets were printed on high gloss photo paper and secured to the wings
and upper surface of the Nighthawk using double-sided tape. The non-coded targets
were glued to the upper surface of the wing using Super Glue®. The targets were
positioned on the wing in rows spaced approximately 1 inch apart with the first row
starting % inch behind the leading edge. This spacing ensured easy sorting of the
targets during post processing. Figure 3.2 shows the Nighthawk after it was marked
with targets.

3.2 Wind Tunnel Description

Testing was conducted in the low speed open circuit wind tunnel at the Air
Force Institute of Technology (AFIT). The intake section is 131 inches wide by 108
inches high. There are four anti-turbulence screens and an aluminum honeycomb flow
straightener. DeLuca measured a freestream turbulence of 2.25% in the AFIT wind
tunnel [10]. The the test section is 44 inches wide, 31 inches high, and 72 inches long.
Maximum airspeed in the test section is 150 mph. There is a window on the ceiling
and on each side of the test section. There is a 25 ft diverging section between the
test section and the fan. The wind tunnel is driven by a fan with a 220 BHP electric
motor. The wind tunnel exhausts above the fan [17]. Figure 3.3 is a schematic of the

AFIT low speed wind tunnel.
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Coded Target

Targets washed out by glare

Figure 3.2:  Nighthawk mini-UAV marked with reflective targets.
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Figure 3.3:  AFIT wind tunnel schematic. Adapted from DeLuca [10] and Gamble
[17].

3.3 Wind Tunnel Preparation

The wind tunnel has a white floor, which contrasts well with the black wing
of the Nighthawk. However, at moderate speeds and AoAs, washout occurs and
the targets near the leading edge of the wing blend into the wind tunnel floor when
viewed from above. To provide contrast for the targets on the leading edge, black felt
was attached to the floor of the wind tunnel. This action ensured target recognition
despite washout. Figure 3.4 shows pictures of the wing during wind tunnel testing. It
demonstrates the views each camera had of the Nighthawk. Notice the felt in image
3.4 (c) prevents the leading row of dots from blending into the wind tunnel floor.
Similarly, the felt in image 3.4 (a) prevents the trailing targets from blending into the

floor.

Six coded targets were secured to the wind tunnel floor to act as reference points
during post processing. These targets were visible in each camera. Targets 1 and 2

define the z-axis (positive from 2 to 1). These targets also define the scaling factor
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(a) View from Camera 1. (b) View from Camera 2.

(¢c) View from Camera 3.

Figure 3.4:  View from each camera during wind tunnel tests. 0° AoA, 20 mph,
flexible wing.
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since they are separated by 18.53 inches. Targets 2 and 3 define the x-axis (positive

from 2 to 3). The y-axis is normal to the wind tunnel floor (up is positive).

At AoAs less than 4°, the majority of the targets (i.e. the targets on the wing)
lie in a plane approximately 15 inches above the wind tunnel floor. The only targets
out of this plane were the coded targets used to define the scale and axes. When
there is a concentration of points in one plane with only a few out of the plane,
the photogrammetry software, PhotoModeler®, performs a calibration that causes
residuals for the outliers to increase. As a result, the triangulated positions of the
coded targets on the floor were less accurate. Since these targets are used to define
the scale and axes, the accuracy of all point locations would be degraded. To counter
this effect and maintain accuracy for all points in the project, non-coded targets were
added to the wind tunnel floor. This was done by printing black dots on white paper
and taping the paper to the floor with double-sided carpet tape. The addition of
these targets ensured that PhotoModeler® did not treat the coded targets on the

wind tunnel floor as outliers.

3.4 Camera Setup

Three synchronized Basler 501k high speed digital cameras were used to capture
image sequences during wind tunnel testing. Each camera is capable of capturing 74
frames per second (fps) at maximum resolution, which is 1280 x 1024 pixels [4].
A Personal Computer (PC) workstation was used to drive the cameras and store
images. Each camera was connected to its respective video capture board in the PC.
EPIX®image capturing software was used to control the cameras via their respective

video capture boards.

Acquiring high quality image sequences required synchronized cameras with

proper lighting. Sections 3.4.2 through 3.4.4 give the details of camera setup.

3.4.1 Camera Positioning. To get the best view of the wing, all cameras

were positioned atop the wind tunnel and aimed through the viewing glass above the
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test section. They were positioned in-line with the flow direction with one in front of
the model, one directly above the model, and one trailing the model. There was at
least a 30° separation angle between the cameras. The cameras were positioned far
enough from the model to allow each camera a full view of the wing. Figure 3.5 shows
the position of the cameras atop the wind tunnel. It also illustrates the viewing angle
of each camera. Camera 1 is positioned ahead of the Nighthawk, Camera 2 is directly

above it, and Camera 3 is behind it.

3.4.2  Synchronization. Since the wing experienced high frequency oscilla-
tions in the wind tunnel, it was important to ensure the cameras were synchronized.
The first camera was configured as the master and the other two were slaves. The

settings for camera synchronization are included in Appendix B.

A test was performed to ensure the cameras were synchronized. It involved
marking a fan blade with reflective targets, turning the fan on high, and capturing
an image sequence from all three cameras. Black tape was used to mark graduated
increments around the outer rim of the fan. This facilitated comparing the location
of the reflective targets among images. The Area of Interest (Aol) was reduced to 480
pixels x 480 pixels to increase the available frame rate. The frame rate was adjusted
to 156 fps and the exposure time was reduced to 0.2 